Moment-to-moment fluctuations of nucleus accumbens dopamine (DA) were determined in rats self-administering or passively receiving "yoked" intravenous infusions of D-amphetamine. The initial lever presses of each session caused elevations in DA concentration, usually to an initial peak that was not maintained throughout the rest of the session. As the initial ("loading") injections were metabolized, DA levels dropped toward baseline but were sustained at elevated plateaus by subsequent lever pressing that was spaced throughout the remainder of the 3 hr sessions. During this period, DA levels fluctuated phasically, time-locked to the cycle of periodic lever pressing. Consistent with the known pharmacological actions and dynamics of amphetamine, peak DA elevations were seen ϳ10-15 min after each injection, and the mean DA level was at a low point in the phasic cycle at the time of each new lever press. During extinction periods when saline was substituted for amphetamine, DA levels dropped steadily toward baseline levels despite a dramatic increase in (now-unrewarded) lever pressing. Noncontingent injections during extinction reinstated leverpressing behavior and increased nucleus accumbens DA concentrations. These data are consistent with the hypothesis that under the conditions of this experiment-during periods of amphetamine intoxication in well-trained animals-the timing of amphetamine self-administration comes primarily under the control of extracellular DA concentrations. The probability of lever pressing during the maintenance phase is highest when DA concentrations fall near a characteristic trigger point, a trigger point that is significantly elevated above baseline, and falls as DA concentrations fall below or increase above that trigger point.
Laboratory animals will learn arbitrary response habits such as lever pressing when intravenous injections of the psychomotor stimulants amphetamine or cocaine are made contingent on such responses. Within a few weeks of regular testing the behavior stabilizes, appearing to become regulated by the systemic drug level. After responding rapidly for the first minutes (the "loading" phase) of a session, experienced animals settle into a pattern of spaced responding ("maintenance" phase) that is predictable from the half-life of the rewarding drug (Dougherty and Pickens, 1974) . In experienced animals, decreases in dose or increases in response requirement-over the ranges of these parameters that sustain regular responding-are met with compensatory increases in response rate such that relatively constant hourly drug intake is maintained (Pickens and Thompson, 1968) . Regardless of the unit dose within this range, rats respond for the next D-amphetamine injection when blood levels fall to ϳ0.2 g/ml (Yokel and Pickens, 1974) . This apparent regulation is seen even when the unit dose is varied unpredictably within sessions; in this case, the time until the next response is closely related to the amount given in the previous injection (Gerber and Wise, 1989) .
The mechanism of this apparent regulation of intake, which is seen only in experienced animals and only when they are already intoxicated, is not clearly understood. It is presumed that some common neural consequence of amphetamine and cocaine [and perhaps other drugs of abuse (Wise and Bozarth, 1987) ] determines the probability of responding after the animal becomes initially intoxicated. Because it is the ability of each of these drugs to elevate extracellular dopamine concentrations in the nucleus accumbens that seems critical for their rewarding effects (Yokel and Wise, 1975) , it has been of considerable interest to determine whether the timing of drug-seeking responses is predictable from fluctuations in extracellular dopamine concentrations (Wise, 1993) . Initial in vivo voltammetry (Gratton and Wise, 1994) and microdialysis (Wise et al., 1995b ) studies each suggest that it is.
In the present study we used microdialysis to examine fluctuations of nucleus accumbens dopamine during intravenous amphetamine self-administration. Although amphetamine selfadministration was expected to produce dopamine fluctuations qualitatively similar to those seen with cocaine, two differences between the two drugs make amphetamine self-administration particularly interesting. First, cocaine does not cause dopamine release but rather prolongs the extracellular half-life of dopamine released as a consequence of dopaminergic impulse flow (Heikkila et al., 1975a) . Amphetamine, on the other hand, can cause impulse-independent dopamine release, and thus its ability to elevate extracellular dopamine does not depend critically on other inputs to the dopamine system (Heikkila et al., 1975b) . Because there is reward-related synaptic input to the dopamine system (Schultz, 1997) , this difference in the mechanism of action makes comparison of the two drugs of particular interest. Second, rats respond considerably less often for moderate doses of intravenous amphetamine than they do for moderate doses of intravenous cocaine. Thus the limits of temporal resolution inherent in microdialysis measurements should be less troublesome in the characterization of dopaminergic fluctuations during amphetamine self-administration. The slow rate of amphetamine selfadministration allowed for the collection of approximately five or six microdialysis samples (5 min each; 20 l each) between each injection, allowing us to estimate the pattern of DA fluctuations with both high resolution and higher accuracy than in cocaine self-administration studies (Wise et al., 1995b) in which responding is five to six times faster and 1 min microdialysis samples must be taken if between-injection fluctuations are to be detected. We also investigated DA concentrations in animals receiving unearned or "yoked" inf usions of D-amphetamine and in animals responding during periods of extinction, both in the absence of and in the presence of experimenter-administered ("priming") injections.
MATERIALS AND METHODS
Subjects and surger y. Subjects were 18 male L ong Evans rats (Charles River Laboratories, Wilmington, M A) weighing between 350 and 400 gm at the time of surgery. All subjects had access to food (Purina rat chow) and water ad libitum except during self-administration sessions. Each rat was implanted, under sodium pentobarbital (65 mg / kg, i.p.), with a guide cannula and a permanently indwelling jugular catheter. The 20-gauge stainless steel guide cannulae were angled toward the midline, aimed at the nucleus accumbens [incisor bar 5 mm above the interaural line, anteroposterior 3.4 mm, mediolateral 2.5 mm, and dorsoventral Ϫ4.3 mm along the angled cannula track (Pellegrino et al., 1979) ]. The assembly was anchored to the skull and to four stainless steel skull screws with dental acrylic. Stainless steel obturators (28-gauge wires, flush with the tips of the guide cannulae) were inserted at the time of surgery and remained there until 3 d before the microdialysis test session. At this time they were replaced with obturators that extended 4 mm beyond the ends of the guide cannulae, to the depth the microdialysis probe would subsequently reach.
For each rat an incision was made in the neck, and the jugular vein was isolated and opened. A SIL ASTIC intravenous catheter (Dow Corning, Midland, M I) was inserted into the vein to a depth just short of the right atrium. The other end of the catheter was fed subcutaneously to the back of the neck. There, a piece of bent 22-gauge stainless steel tubing was inserted into the end of the catheter and secured with dental acrylic to the cannula assembly. The tubing was capped when not in use. The catheter was flushed with a heparin -saline solution (200 USP) immediately after surgery and daily thereafter.
Amphetamine self-administration. Amphetamine self-administration training began the day after surgery. The animals were placed in 26 cm ϫ 26 cm operant chambers and tested in daily 4 hr sessions. The chambers were equipped with a 2.5 cm lever mounted 10 cm above the grid floors on the rear wall. A white cue light was mounted 3 cm above the lever. Each rat was connected by polyethylene tubing, through one channel of a dual channel swivel, to syringes in individual syringe pumps. Each lever press activated the syringe pump and cue light for 28 sec during which lever presses were counted but had no other scheduled consequences. The pump activation resulted in an inf usion of D-amphetamine sulfate (0.25 mg / kg) in 0.25 ml of physiological saline.
Microdial ysis probes. Removable concentric microdialysis probes were constructed according to the procedures developed by Robinson and Whishaw (1988) . Each probe consisted of a polyethylene tubing (PE20) fluid inlet attached to a 26-gauge stainless steel outer cannula. This cannula was cemented to 4 mm of cellulose dialysis fiber [Spectrum membrane from Fisher Scientific, Houston, TX; inner diameter (i.d.) ϭ 215 m; outer diameter (o.d.) ϭ 251 m; 13,000 molecular weight cutoff] that was sealed at the end with a 1 mm epoxy cement plug. The fluid outlet was capillary silica tubing (Polymicro Technologies, Phoenix, AZ; i.d. ϭ 75 m; o.d. ϭ 150 m) that extended 3 mm into the dialysis fiber. The silica outlet tubing exited the inlet polyethylene tubing through a sealed cut near the animal's head (sealed with epoxy cement) and terminated in a collection vial 25 cm above the probe.
Microdial ysis testing. Microdialysis samples were collected from three groups of rats. The experienced-self-administering (-SA) group (n ϭ 8) consisted of rats that had been trained to self-administer D-amphetamine and were engaged in self-administration during microdialysis testing. The experienced-yoked group (n ϭ 4) consisted of rats that had been trained to self-administer amphetamine but, during microdialysis testing, passively received injections as the yoked partner of a self-administering rat. The inexperienced-yoked group (n ϭ 4) consisted of rats that were naïve to self-administration and D-amphetamine and, during microdialysis testing, received unearned intravenous injections of amphetamine as the yoked partner of a self-administering rat.
Approximately 18 hr before a given microdialysis test session, the animal was implanted with a microdialysis probe. On some occasions it was necessary to anesthetize the rats briefly with sodium methohexital (100 l, i.v.) before the probe was inserted. After the microdialysis probes were implanted, the rats remained in their test chambers until the end of the test session. Artificial C SF (aC SF; Na ϩ , 145 mM; K ϩ , 2.7 mM; Mg 2ϩ , 1.0 mM; Ca 2ϩ , 1.2 mM; Cl Ϫ , 150 mM; and ascorbate, 0.2 mM in 2.0 mM Sorensens phosphate buffer at pH 7.4) was perf used through the probe at a rate of 0.2 l /min during the waiting period and at 2.0 l /min during the test session. During the waiting period the levers and cue lights were hidden by cage partitions, and the rats had access to food and water ad libitum. During the microdialysis test session, 10 or 15 min baseline dialysate samples were collected for a period of 60 -90 min. After the final baseline sample had been collected, the rats were caref ully lifted out of the operant chambers and handled for a few seconds (to mimic partially the start of a regular self-administration session). At this time the partitions hiding the levers and cue lights were removed in the case of the experienced-SA rats. After returning to the chambers, rats having access to the levers were allowed to self-administer drug, and the remaining rats began receiving yoked injections.
Microdialysis samples were taken at 5 min intervals from the experienced-SA group during a 3 hr self-administration session (in the case of each of two rats, DL113 and DL146, samples collected during the last 30 min of the session were ruined during the HPLC procedure). At the end of this self-administration session, the amphetamine-filled syringe was removed from the pump so that lever presses would continue to activate the pump and cue light but fail to result in drug delivery. For 4 hr, the animals were allowed to lever press in this extinction period; in this phase, when dopamine levels were no longer elevated by amphetamine, 10 min dialysis samples were taken. At the end of the extinction period, the amphetamine-filled syringes were replaced, and each rat was administered a noncontingent (priming) injection of D-amphetamine and allowed to resume self-administration. During this "reinstatement" period, 5 min dialysate samples were again collected.
Microdialysis samples were also taken at 5 min intervals from the experienced-and inexperienced-yoked groups; these groups were given yoked injections for 3 hr. For the experienced-yoked group, the injection patterns were randomly chosen from a set of recorded selfadministration patterns belonging to the yoked animal itself. For the inexperienced-yoked group, the injection patterns were randomly chosen from a set of recorded self-administration patterns belonging to another animal. There were no extinction or reinstatement periods for experienced-and inexperienced-yoked groups.
All dialysate samples were collected directly into mobile phase (a strong antioxidant) and placed immediately on dry ice until the end of the test session when they were placed in an ultracold environment (Ϫ80°C) where they were kept until they were analyzed. Dopamine assay. Dialysate samples were assayed for DA using reverse phase, isocratic, ion-pairing, HPLC with electrochemical detection in the redox mode. Frozen dialysate samples were thawed, vortexed, and loaded into a refrigerated autoinjector (Spectra System AS3500; Thermo Separation Products) that maintained a temperature of 1°C during the analytical run. Samples were injected onto a 15 cm ϫ 4.6 mm C18 column (C SC -Sil 80A /ODS2, 5 m; Chromatography Sciences, St. Laurent, Québec, C anada) or, during the later phase of the study, a 5 cm ϫ 4.6 mm C18 column (Supelcosil LC -18, 3 m; Supelco, Toronto, Ontario, C anada) by way of a Rheodyne injection valve with a 100 l loop. Mobile phase (0.06 M sodium phosphate monobasic, 0.03 M citric acid, 0.035 mM SDS, 0.1 M EDTA, and 25% HPLC -grade methanol in nanopure water; pH-adjusted to 3.35 with 1N sodium hydroxide) was recycled at 1.2 ml /min by a Hitachi pump (model L -7100).
DA was quantified by the use of an ESA Coulochem II Detector (model 5200) with two analytical electrodes: an oxidizing electrode (ϩ340 mV) and a reducing electrode (Ϫ300 mV). The sensitivity of the reducing electrode was 50 -100 times greater than the sensitivity of the oxidizing electrode. (The f ull-scale response window at the reducing electrode was 10 nA with the longer column and 5 nA with the shorter column.) Output from the analytical electrodes went to a dual-channel integrator (model SP4200; Spectra-Physics, Fremont, CA) connected to Spectra-Physics Winner software on a 486 I BM-compatible computer. The reducing electrode was connected to the channel programmed to integrate the areas under the DA peak, and the oxidizing electrode was connected to the channel programmed to integrate areas under the peaks of DA metabolites. The system was calibrated with standards (Sigma, St. L ouis, MO) dissolved in aC SF diluted with mobile phase in the same ratio that was used for the samples.
The approximate retention times of DOPAC, 5-hydroxyindolacetic acid, 4-hydroxy-3-methoxyphenylacetic acid, and DA were 2, 3, 4, and 6 -7 min, respectively, on the longer column and 1.5, 2.0, 3.0, and 3.4 -4.5 min, respectively, on the shorter column.
Histolog y. After microdialysis testing, the rats were anesthetized with sodium pentobarbital, perf used with saline followed by 10% formalin, and decapitated. Their brains were removed and stored in 10% formalin for at least 7 d before being cut in 40 m serial sections and inspected for probe implantation sites.
Data anal ysis. Only the HPLC results for dialysate samples collected during the period of steady-state responding (maintenance phase) after the first hour of the session were used for calculating means and for statistical analyses. For statistical analyses all data were transformed into the percentage of baseline values to minimize the between-animal variability. Means were calculated using the percentage of baseline values.
The DA values for the samples during which lever presses occurred were averaged. This calculation was performed for each of the four samples occurring before and after lever presses. Thus, for each animal, we calculated a mean value for the fourth, third, second, and first samples taken before a lever press, the mean value for the samples during which a lever press occurred, and the mean value for the first, second, third, and fourth samples taken after a lever press. These means were used in a two-factor ANOVA with sample number as a repeated-measures factor.
RESULTS
Each rat given the opportunity to self-administer D-amphetamine learned to do so within 3-10 d, developing a stable pattern of intake within 14 d. Typically, the rats self-administered three to six infusions in the first 30 min of a session (loading phase) and then maintained a regular intake of approximately two or three infusions per hour throughout the remainder (maintenance phase) of the session (Fig. 1) . Baseline concentrations of dopamine varied between 0.25 and 2.5 nM. Each rat initiated lever pressing within minutes of being replaced in its chamber with the lever exposed. The infusions taken during the loading phase were accompanied by increases in dopamine concentration ranging from 4-to Ͼ20-fold. The end of the loading phase was typically marked by a pause in lever pressing that lasted from 25 to 50 min and that was accompanied by a steady decrease in dopamine concentrations. Dopamine concentrations did not fall to baseline levels, however, but were maintained (by the animal's resumption of lever pressing) at substantially elevated values for as long as the drug remained available. Responding was sustained throughout the maintenance phase, and inter-response times in this period were relatively uniform (Fig. 1) .
Although DA concentrations remained tonically elevated during the maintenance phase, they fluctuated phasically around elevated plateaus as a f unction of the self-administered infusions (Fig. 1) . The mean dopamine concentration usually rose in the first and second periods after an inf usion and fell in the four sample periods before the next inf usion (Fig. 2) . Thus peak dopamine concentrations occurred between 10 and 15 min after infusions, and the lowest dopamine concentrations occurred in the samples collected at the times of lever pressing.
Rats in the experienced-and inexperienced-yoked groups (the groups that received unearned and unsignaled inf usions of D-amphetamine) showed rise-and-fall dopamine profiles similar in extent and time course to those of the rats in the experienced-SA group (the group that self-administered the drug) (Fig.  3) . Dopamine concentrations in these animals were sustained at tonically elevated plateaus, as in the self-administering rats, throughout the sessions, tending to phasically decrease before and increase after each inf usion. The increases over baseline in dopamine concentrations seen in the experienced-and inexperienced-yoked groups were somewhat greater than those seen in the experienced-SA group ( Fig. 2 ; a two-way ANOVA revealed significant time [F (7,91) ϭ 11.73; p Ͻ 0.001] and group [F (2,13) ϭ 27.40; p Ͻ 0.001] effects but no significant time ϫ group interaction; Scheffé tests on the group factor revealed that the three groups were significantly different from each other [p Ͻ 0.05]).
The extinction period was associated with dramatic increases in lever pressing. The four rats tested under this condition pressed their levers 359, 306, 105, and 147 times. The highest response rates occurred during the first 2 hr of extinction. Despite having increased lever pressing, the extinction period was associated with a progressive decline in dopamine concentrations to or below baseline levels (Fig. 4) . The greatest decline in dopamine concentrations tended to coincide with the period of highest lever pressing (first 2 hr of extinction). During the final 30 or more minutes of extinction, all rats had ceased stereotyped sniffing or locomotion and were lying down. A single noncontingent infusion of D-amphetamine caused the rats to reinitiate the exploratory locomotion and sniffing that is typically seen under the influence of this drug. In three of the four rats, the noncontingent infusion resulted in an immediate increase in dopamine concentration followed a few minutes later by the resumption of lever pressing for the drug (see Fig. 4 ). In the case of DL80, resumption of lever pressing occurred before it was possible to observe increases in dopamine concentrations.
Histological inspection revealed all microdialysis probes to be situated within the nucleus accumbens. The majority of placements were in the shell region of the nucleus, approximately in the middle of its rostral-caudal extent (Fig. 5) .
DISCUSSION
Dopamine levels were tonically elevated throughout the period of drug self-administration, increasing after the first injection, reaching a peak within the first several injections, dropping to an elevated plateau for as long as drug remained available, falling back to baseline during extinction, and elevating again with priming and renewed drug availability. Phasic fluctuations were seen during the maintenance phase of the self-administration sessions, when responding was regular and is known to result in the maintenance of nearly constant hourly drug intake despite changes in the dose per injection (Yokel and Pickens, 1974) or, within limits, the work requirements (Pickens and Thompson, 1971) .
During the maintenance phase, dopamine levels were elevated after each injection, usually within the first dialysis sample after the injection. Dopamine levels fell again, reaching approximately the same characteristic trigger point for a given animal just before the next lever press. Although the approximate trigger points for different animals varied greatly, it is not clear whether this is a characteristic of the animal or of the probe placement or characteristics. It cannot be determined from the present study whether the relative constancy of the dopamine concentration at the time of lever pressing in the maintenance phase was a cause or a consequence of the regularity of response rate. However, in a cocaine self-administration study in which dose was varied from one injection to the next and caused response times to vary accordingly, it was dopamine concentration in the nucleus accumbens rather than time since the last injection that predicted the time of the next response (Wise et al., 1995b) . Thus it seems likely that the rate of responding is under the control of some correlate of dopamine concentration and not merely under the control of a timed response habit. The most interesting possibility from our own point of view is that additional amphetamine apparently has little if any rewarding efficacy when dopamine levels are already elevated much beyond the trigger point for a given animal. This suggests some form of saturation in the reward system, corresponding to periods of drug "satiety" in which additional drug does not cause any immediate increment in reward intensity. Although additional drug will prolong the experience of reward, it appears that it adds no immediate reward increment to which the animal is responsive.
The pattern of dopamine fluctuations in rats self-administering amphetamine (present data) is similar to the pattern observed in rats self-administering cocaine (Wise et al., 1995b ) except for the Figure 2 . Mean elevations over baseline in nucleus accumbens dopamine concentrations in rats receiving self-administered or experimenteradministered intravenous injections of D-amphetamine. For each rat the mean dopamine concentration was calculated for the four samples before and after an injection occurred as well as for the sample during which the injection occurred. Only the results for dialysate samples collected after the first 60 min of the session were used. These data were then averaged within each group. The vertical dashed line represents the time of a D-amphetamine infusion.
longer cycle time -which can be expected considering its longer time of onset and half-life -in the case of amphetamine. The similarity between the dopamine fluctuation patterns of the two drugs suggests that, despite differences in their direct neurochemical effects on the dopamine system, the two drugs have very similar actions as reinforcers. Cocaine, unlike amphetamine, does not cause the release of dopamine but merely blocks its reuptake (Heikkila et al., 1975a; Berger et al., 1990) . The ability of cocaine to elevate nucleus accumbens dopamine levels thus depends much more than does that of amphetamine on impulse flow in the dopamine system. Because impulse flow in the dopamine system may be caused by synaptic input related to rewarding events (Schultz, 1997) , it might be expected that the different mechanisms of action on dopamine of the two drugs would result in somewhat different dopamine profiles during rewarding drug selfadministration. However, no such difference was obvious.
Studies involving in vivo voltammetry (Gratton and Wise, 1994; Kiyatkin, 1994; K iyatkin and Stein, 1995) are consistent with the findings that dopamine levels are elevated at the onset of cocaine or heroin self-administration, are maintained at a plateau during the period of drug availability, and fall back to baseline when the lever is made inaccessible or during extinction when drug reward is terminated. Voltammetric studies suggest, however, that increases in dopamine concentration precede each injection and that, during the maintenance phase, at least, each injection momentarily drives dopamine levels back down. The interpretation from the voltammetry studies would be that the important factor determining the pattern of DA fluctuations is the level of anticipation of the to-be-earned drug reward and that the fluctuations observed with the microdialysis method are simply delayed reflections of increases that occur before the lever press but show up in the dialysis record 1-2 min later. This interpretation of the cocaine data would suggest approximately a 3 min delay between the actual changes in nucleus accumbens dopamine and the appearance of elevated dopamine in the dialysis recovery cup. In the case of amphetamine, however, in which the mean time between responses is 20 rather than 5 min and in which peak dopamine levels were reached 10 -15 rather than 3 min after each lever press, this explanation clearly fails. The delay between dopamine elevations in nucleus accumbens and dopamine elevations in our dialysis collection vials has been estimated (Wise et al., 1995b) to be Ͻ1 min. For the phasic elevations in dopamine level seen in the present study to reflect actual elevations before the lever press would require a 10 min or longer delay between dopamine release in the nucleus accumbens and detection of this release in our dialysates. This argument is clearly untenable; although the temporal resolution of microdialysis might be argued to be inadequate to track the 5 min fluctuations of dopamine level caused by fast-acting cocaine, it is clearly adequate to track the 30 min fluctuations of the slower-acting amphetamine.
Further evidence of this point is the fact that similar afterinjection increases in dopamine were seen in yoked injections and after priming injections. It is difficult to imagine how in these cases the observed increases in dopamine level might reflect anticipation of amphetamine reward. The timing of the yoked injections was variable and determined independently from the animals' ongoing behavior; the timing of the priming injections was not linked to any immediate signal that the animals could have identified. Thus the yoked animals and the reinstatement animals could not accurately predict the time of injection and thus would have no signal for anticipatory dopamine release. Thus, evidence that dopaminergic neurons do respond briefly in response to reward-predicting stimuli (Schultz et al., 1992) notwithstanding, the phasic increases in the present study seem clearly to reflect a dominant effect of the receipt and not the anticipation of the drug reward.
These data confirm that self-administered doses of amphetamine are sufficient to elevate dopamine levels in the nucleus accumbens, a finding that is consistent with the long-accepted assumption from pharmacological blockade (Yokel and Wise, 1975) and lesion (Lyness et al., 1979 ) studies that amphetamine is rewarding because it elevates nucleus accumbens dopamine levels (Fibiger, 1978; Wise, 1978; Beninger, 1983; Bozarth and Wise, 1986) . The fact that the animals responded much more in extinction, when dopamine levels were falling to baseline, than they did when drug was available and response rates were only approximately two or three per hour makes it clear that dopamine levels were not driven as a simple or primary correlate of the initiation of instrumental behavior itself. Thus the fluctuations in dopamine level that were predictable from the acute actions and pharmacokinetics of amphetamine primarily overshadowed any fluctuations associated with the initiation of voluntary movement.
In the present experiment, unearned, unexpected ( yoked) injections caused elevations in dopamine that were somewhat greater than those caused by self-administered injections. These data are in contrast with those of Hemby and colleagues, who have reported (Hemby et al., 1997 ) that self-administered cocaine Figure 4 . Nucleus accumbens dopamine concentrations in rats lever pressing during a 3 hr extinction period (no drug available) and a 2 hr reinstatement period (drug available). The arrow in each graph represents the time at which a rat received a noncontingent (priming) injection of D-amphetamine and drug was made available again. The horizontal dotted line represents the baseline DA concentration. Dialysate samples were collected at 10 min intervals during the extinction period and at 5 min intervals during the reinstatement period. DL numbers are rat identification numbers. caused approximately double the elevation in dopamine levels that was produced by yoked control injections. On the other hand, Hemby et al. (1995) reported the opposite finding for selfadministered and experimenter-administered heroin; in this case they saw dramatic elevations in dopamine levels after unexpected, unearned injections but no significant elevation in dopamine levels after self-administered heroin. The latter finding is difficult to reconcile with the significant elevations in dopamine after self-administered heroin reported by Wise et al. (1995a) . Whatever the explanation of these differences, significant elevations were seen with both earned and yoked injections in the present study.
The self-administration of amphetamine at the dose tested here is marked by two phases of drug taking; the response rate in these two phases is under markedly different controls. In the first several minutes of each session, sometimes termed the loading phase, response rates are high and often lack the characteristic pauses between injections that characterize the later phase of the session. Not surprisingly, the present study reveals that dopamine levels soar during the loading phase. This is presumably a period in which the animal finds successive injections additionally rewarding and is, in essence, a phase in which the blood is being loaded with the drug. After the loading phase, the animals cease responding for as long as 1-2 hr, allowing the initial peak in amphetamine concentration to decline significantly (Yokel and Pickens, 1973, 1974 ).
As the blood amphetamine level falls, the animal eventually resumes lever pressing in what is termed the maintenance phase of the self-administration session; in this phase the animal responds regularly, and amphetamine intoxication is maintained, although at a considerably lower level than was reached at the peak of the loading phase. During the maintenance phase, responses are regularly spaced and serve to maintain blood amphetamine levels above a concentration of ϳ0.2 g/ml (Yokel and Pickens, 1974) . The animals are capable of lever pressing in the interval between earned injections and can be shown to do so for an alternate reinforcer (Wise et al., 1977) , eliminating the possibility that the behavioral stereotypy normally seen during this period severely incapacitates the animal. Animals given a twolever choice between high and low doses adjust their intake by taking the high dose infrequently or the low dose frequently, but they prefer the lever that is associated with the high dose in the case of monkeys (Iglauer et al., 1975) and are more concerned with position than dose in the case of rats (Yokel, 1987) ; if higher amphetamine concentrations were aversive, they would be expected to learn to choose more-frequent low doses rather than to show a preference for less-frequent high doses. Thus the spaced responding typical of animals in the maintenance phase would not seem to result from aversive consequences of amphetamine concentrations higher than the 0.2 g/ml concentration at which responding is typically triggered. In our view the most likely explanation of the spaced responding in the maintenance phase is that amphetamine adds no immediate increment in reward to when amphetamine levels-and brain dopamine levels-are elevated beyond the animal's trigger point. In this view, the peak levels reached in the loading phase reflect the fact that the animals are able to respond several times before sensing the full consequences of their recent injections.
The present data make clear that both self-administered and experimenter-administered doses of amphetamine are sufficient to elevate dopamine levels significantly in both naïve and welltrained animals, even when dopamine levels are elevated significantly by previous amphetamine injections. They demonstrate that dopamine levels fluctuate phasically around the times of lever presses, rising to peak levels after an injection and falling to relatively constant low points just before the next lever press. The extent and course of these phasic fluctuations are arguably attributable to the receipt, and not the anticipation, of drug reward. Finally, these data suggest that, although the direct neurochemical effects of amphetamine on the dopamine system are different from those of cocaine, the mechanisms of action of both psychostimulants as rewarding stimuli appear to be similar and involve nucleus accumbens dopamine.
